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(I)       MOMBE Growth and Doping of Column Hi-Nitride Materials (Cammy 
Abernathy and Steve Pearton) 

Minority Carrier Enhanced Reactivation of Hydrogen-Passivated Mg in GaN 
The influence of minority carrier injection on the reactivation of hydrogen 

passivated Mg in GaN at 175°C was investigated in p-n junctions.The dissociation of the 
neutral MgH complexes is greatly enhanced in the presence of minority carriers and the 
reactivation process follows second order kinetics. Conventional annealing under zero- 
bias conditions did not produce Mg-H dissociation until temperatures >450°C. These 
results provide an explanation for the e-beam induced reactivation of Mg acceptors in 
hydrogenated GaN. The acceptor passivation and reactivation reactions can be 
represented by: 

(AH)°->A-+IT 
HW-HT 

Fig.-1.1 shows a series of acceptor concentration profiles measured in the same p-n 
junction sample, after annealing at 175°C under forward bias conditions. After the 
hydrogenation treatment the electrically active acceptor density decreased by a factor of 
approximately two. If the subsequent annealing was carried out in the open circuit 
configuration there was no change in the carrier profile for periods up to 20 hr at 175°C. 
By sharp contrast, for increasing annealing times under minority carrier injection 
conditions (i.e. forward bias of the junction) there was a progressive reactivation of the 
Mg acceptors with a corresponding increase in the hole concentration. The Mg 
reactivation has a strong dependence on the depth into the p-type layer, which may result 
from the diffusion distance of the injected electrons prior to recombination. 

The fact that the MgH complexes are unstable against minority carrier injection has 
implications for several GaN-based devices. In a laser structure the high level of carrier 
injection would rapidly dissociate any remaining MgH complexes and thus would be 
forgiving of incomplete removal of hydrogen during annealing. In an HBT, the lower level 
of injected minority carriers would also reactivate passivated Mg in the base layer, leading 
to an apparent time-dependent decrease in gain as the device was operated. 

Hydrogen Passivation of Ca Acceptors in GaN 
We recently realized p-type doping of GaN using implantation of Ca, followed by 

annealing at >1100°C. The activation efficiency was -100% ,but the ionization level was 
found to be ~168 meV, which is similar to that of Mg. The Ca profile was thermally stable 
at temperatures up to 1125°C. Since Mg has a substantial memory effect in stainless steel 
reactors, Ca may be a useful alternative p-dopant for epitaxial growth of laser diode or 
HBT structures in which junction placement and hence control of dopant profiles, is of 
critical importance. As shown in Fig. 1.2 , exposure to a hydrogen plasma at 250°C leads 
to a reduction in sheet carrier density of approximately an order of magnitude. The hole 
mobility increased from 6 to 18 cm2/V-sec. The process was reversible by post- 
hydrogenation annealing at 400-5 00°C under a N2 ambient, and is characteristic of the 
formation of neutral Ca-H complexes in the GaN. The thermal stability of the passivation 
is similar to that of Mg-H complexes in material prepared with similar initial doping levels. 
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Ca and 0 Ion Implantation Doping of GaN. 
P- and n-type doping of GaN has been realized by ion implantation of Ca and O, 

respectively. Fig. 1.3 shows that both Ca and Ca+P implanted samples convert from n-type 
to p-type after a 1100°C anneal. Under the same conditions, the unimplanted sample 
remains n-type with a slight decrease in sheet resistance that may result from the creation 
of additional N-vacancies or the depassivation of other n-type impurities. Fig. 1.4 shows 
that the ionization level for Ca of 169 meV is similar to that of Mg. Fig. 1.5 shows that 
implanted O displayed an ionization level of 29 meV. Using these values, we can estimate 
activation efficiencies of-100% for Ca, but only 3.6% for O. Note that the unimplanted 
and annealed material has an activation energy for conduction of 335 meV. 

Fig 1.6 shows the SIMS profiles for as-implanted and annealed (1125°C, 15 sec) 
Ca in GaN. There is no measurable redistribution of the dopant. Similar results are shown 
in Fig 1.7 for O-implanted material. Based on a conservative estimate of the resolution of 
the SIMS instrument, an upper limit of 2.7xl0"13 cm2/sec is estimated for the diffusivity of 
both Ca and O in GaN at 1125°C. 

(IT)     Ohmic Contacts (Paul Holloway) 

Degradation of Au/Pd/ZnTe-ZnSe MOW Ohmic Contacts to p-ZnSe 
Analysis of electrically degraded multiquantum well (MQW) contacts indicates that 

localized Joule heating results in localized contact failure at the point at which power is 
supplied to the structure. The dimensions and composition of the probe used to supply 
power is a critical parameter in this failure, since localized temperatures increase as the 
probe size decreases leading to higher localized current densities and heating. Localized 
heating results in diffusion of Zn and Te from the ZnTe layer to the sample surface. In 
addition, alloying occurs between the Au and Pd layers. In longer degradations (90 
minutes), Zn from the underlying ZnSe layer also diffuses to the sample surface resulting 
in a disruption of the stoichiometry of the ZnSe. The diffusion and alloying were found to 
occur for current densities as low as 40 A/cm2. Diffusion and alloying were prevented 
only when the sample was cooled to -15 °C or less during degradation. 

At higher current densities («1000 A/cm2), the thermal stresses generated by the 
localized heating were sufficient to result in the formation of micro-cracks. The micro- 
cracks were from -0.5 to 5 mm in length and extended through the multiquantum well 
contact and into the GaAs substrate. The cracks were found to lie along the <100> 
directions and are believed to occur on the {110} cleavage planes. By using a Cu probe 
to degrade the contacts (as opposed to an Au probe), Cu was introduced as an impurity 
into the sample structure. Analysis of the samples and diffusion calculations indicate that 
the micro cracks act as high diffusivity paths for Cu, and potentially for other impurities. 

In addition, rectangular features formed symmetrically around the micro-cracks. 
The geometry and orientation of the rectangular features are similar to the dark line 
defects (DLDs) which form in degraded quantum well ZnSe-based diode lasers. DLDs and 
the rectangular features are also similar in that the DLDs are. dislocation which act as high 
diffusivity paths for point defects, and the rectangular features form around micro-cracks 
which act as high diffusivity paths for impurities. Also, DLD formation is believed to be 
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accelerated by localized heating from non-radiative recombinations, while the rectangular 
feature's form as a result of localized Joule heating. Finally both the quantum well region 
of the lasers and MQW are highly stressed, leading to point defects diffusion. Due to 
these similarities, the rectangular features are believed to result from dislocation patches in 
the MQW contacts which are similar to the patches of DLD dislocations in the quantum 
well of diode lasers. 

Ohmic Contacts to p-ZnTe 
Studies of the formation of ohmic contacts to p-ZnTe using Au metallizations were 

completed. The as-deposited contacts were rectifying, but heating for 15 minutes at T = 
150°C resulted in ohmic behavior. Resistance increases were observed for longer times at 
all temperatures, with large increases following heat treatments at 350°C. AES and SIMS 
data showed diffusion of Au into the p-ZnTe layer at 250°C, which led to acceptor-doping 
of ZnTe and therefore increased conductivity through the near surface layer. Diffusion of 
Au was extensive and a ternary Zn-Te-0 compound was formed at 350°C, leading to 
degradation of the contact properties. Also, the surface of the contact became very rough 
at 350°C, from "balling up" of the metallization on ZnTe. This work has been submitted 
for publication. 

Ohmic Contacts to p-GaN 
Ohmic contact metallizations of Au, Au/Ni, and Au/C/Ni to p-GaN were 

investigated using I-V measurements, AES, and SIMS. The 200 nm thick single metal Au 
contacts were DC magnetron sputter deposited, while the other metallization schemes 
(100 nm Au/50 nm Ni and 100 nm Au/10 nm C/50 nm Ni) were electron beam 
evaporated. The as-deposited Au contacts were rectifying, and they remained rectifying 
even after heat treatment to temperatures up to 600°C for times up to 30 minutes. AES 
data showed that the Au did not penetrate into the GaN lattice upon annealing. 

The as-deposited Au/Ni contacts were also rectifying, but exhibited nearly linear I- 
V data after annealing at 400°C for 5 minutes. AES and SIMS data both showed evidence 
of Ni diffusion into the p-GaN matrix and also throughout the Au contact layer. It was 
postulated dissociation of the GaN matrix by Ni provided the opportunity for carbon p- 
type doping of the near surface region of the p-GaN, leading to increased conduction. 
AES data showed an increased carbon concentration at the metal/p-GaN interface from 
contamination prior to contact metallization, and this was postulated to be the source of 
dopant C. A mechanism was proposed in which dissociated GaN regrows at the interface, 
with the driving force for regrowth being the formation of a Au-Ni solid solution. A 10 
nm thick carbon layer was deposited between the Au and Ni in an attempt to increase the 
doping of the near-surface region of the GaN. Unfortunately, the doping level remained 
nearly the same. This may indicate that the carbon concentration in the GaNis saturated at 
the level of contamination, and even that the C may act as an amphoteric dopant and 
compensate acceptor levels at high concentrations. 
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(Ill)    Degradation Study of II-VI LEDs (Kevin Jones) 

Relaxation of strain in ZnSe quantum wells used in LEDs and diode lasers was 
investigated using low temperature PL, electroluminescence (EL) microscopy and 
transmission electron microscopy (TEM). LEDs were fabricated from a separate 
confinement heterostructure (SCH) with a single quantum well ( ZnCdSe QW/ZnSSe/ 
ZnMgSSe/GaAs) and degraded by applying an electrical current. Strain in the quantum 
well region was estimated by monitoring the PL exiton peak positions. The strain in the 
quantum well remained constant until greater than 60% degradation, i.e. until the emitted 
light intensity decreased to 40% of the initial intensity. Even at this level of degradation, 
dark line defects had evolved into a network as observed by EL. However, the strain in 
the quantum well did not relax until after 80% degradation to about 1/3 of the initial value. 
These results indicate that the strain in the quantum well region may not be directly 
responsible for DLD formation during the early stages of degradation , but it may 
contribute to degradation at a later stage. Also^ the results indicate that the <100> dark 
line defects that are usually observed after degradation are not a result of strain relaxation. 
They probably result from point defect agglomeration. Pre-existing defects, such as misfit 
dislocation, threading dislocations, and/or stacking faults may act as nucleation sites for 
these degradation-induced defects. 

(TV)   Optical and Electrical Characterization of ZnSe (J.H. Simmons) 

During the past year, we have set up a short-pulse laser spectroscopy system capable 
of conducting carrier lifetime measurements on semiconductor quantum well structures. In 
cooperation with Dr. R. Park and M. H. Jeon, who fabricated the appropriate quantum 
well structures of CdxZni.xSe/ZnSe (x=0.2), we have studied the photoluminescence and 
photo-excited carrier dynamics in wells with differing barrier widths and well thicknesses. 

The results have been analyzed and are being published in several parts. The first, to be 
described here, appeared in Applied Physics Letters. In this work, we have analyzed the 
positions of the photoluminescence spectra of a CdxZni_xSe/ZnSe (x=0.2) quantum well 
structure consisting of a GaAs substrate, followed by a 2 urn ZnSe buffer layer, then 10 
periods of undoped Cdo.2Zno.8Se/ZnSe quantum wells with a barrier thickness of 100 A, 
and a well thickness of 50 Ä. The electron-hole states of the structure were measured by 
absorption spectroscopy and by low temperature photoluminescence, and were calculated 
using an envelope wave function approximation with a tight-binding expansion developed 
by Bastard. 

The photoluminescence spectra clearly show an intensity dependent spectrum with two 
distinct peaks. The high energy peak (see article in the appendix) is proportional to the 
incident intensity and corresponds to the exciton recombination process, while the low 
energy peak corresponds to the biexciton process. The latter assignment was uniquely 
made for the first time in this system by using a number of tests which prove conclusively 
that the peak is a biexciton peak. These tests consist of: (1) comparison of energy position 
with calculated positions based on the tight-binding calculation referenced above and on 
the position of absorption features in a similar film deposited on a ZnSe substrate, (2) the 
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demonstration of a quadratic dependence of peak intensity on incident light intensity, (3) 
the lineshape of the spectral feature which shows reverse Boltzmann statistics expected of 
a bi-exciton transition, (4) the observation of a lifetime for the low energy peak which is 
nearly half the lifetime of the exciton feature, and most importantly, (5) the polarization 
dependence of the low energy peak which shows biexciton formation only when cross 
polarized beams are used, and no biexciton feature when co-circular polarized beams are 
used. Only biexcitons can exhibit the latter feature through the constraints of opposite spin 
addition in the coalescence of two excitons. 

The conclusive demonstration of a biexciton peak gives a binding energy of 14 meV 
for the biexciton peak. This peak position agrees exactly with the position of the low 
temperature ZnSe laser emission. This suggests that, contrary to papers attributing the 
lasing process to modified electron-hole plasmas or exciton related processes, the low 
temperature lasing mechanisms in these materials is clearly a biexciton process. 

Studies of the effect of well thickness and barrier thickness on the behavior of the low 
temperature exciton and biexciton processes are being conducted to determine the carrier 
dynamic mechanisms in these structures. Also under study is the mathematical description 
of biexciton gain. The same emission data are being collected at room temperatures to 
determine the high temperature mechanisms which govern the behavior of these materials. 
Finally studies are also under way of photoinduced structural damage to determine how 
the lasing-induced structural defects affect the free carrier dynamics and the gain process 
and eventually result in quenching of lasing activity. 

Also during the past quarter, we have measured the photoexcited carrier lifetimes in 
ZnSe quantum wells at 10K grown on GaAs and on ZnSe substrates. The results are being 
analyzed, but preliminary photoluminescence data shows both exciton and biexciton 
transitions with lifetimes of 266 and 108 ps, respectively. We are measuring the effect of 
barrier width on the behavior of their lifetimes. 

(V)      MOCVD Growth of Zni.xCdxS and GaN Thin Films (Tim Anderson) 

Zni^CdvS Thin Films 
We have continued this quarter to optimize the MOCVD growth conditions for the 

Zni.xCdxS thin films on GaAs substrates for potential laser applications. New sulfur source 
MSH (methyl mercaptan) has been tested. According to the literature, this precursor 
eliminates pre-reactions with Group II MO-sources. We have shown that MSH, along 
with DEZn and DMCd sources, can successfully be used as precursors to grow good 
quality Zni.xCdxS films in the 500-700° C temperature range. 

The effects of growth temperature, component flow rates, and their gas phase ratio 
on the carrier type, quality of crystal structure, and the composition of Zni.xCdxS films 
have been examined. Fig. VI shows the dependence of the composition and crystal 
quality upon temperature. It shows that increasing temperature improves the crystallinity 
of the zinc-blende type films and decreases the amount of Cd incorporated in the samples. 
This result is consistent with the higher vapor pressure of CdS. At a temperature close to 
700°C, the growth rate drops significantly, thus narrowing the optimal deposition 
temperature to 600-650° C. It also has been shown that the gas-solid distribution 
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Fig. V.l. Composition x and structural quality 

of the Zn      Cd S films vs growth temperature. 
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coefficient of Cd in Zni_xCdxS is less than 1 at the conditions studied. For example, to 
lattice-match Zni.xCdxS film to GaAs substrates, the composition variable x should be 
close to 0.60 while in the gas the DeZn/DMCd ratio should be maintained at 0.75. 

The PL spectrum from the sample with x=0.40 was taken at 300 K and 77 K, 
using the 353 nm laser line from an Ar-laser, and is shown in Fig. V.2. Both room and 
low temperature measurements show a defect-related broad emission in the red-green 
region of the spectrum, while the two strong peaks at 385 and 415 nm observed in the 37 
K PL spectrum are related to the alloy band gap. The band gap energy in the Zni.xCdxS 
material is dependent on the composition x and theoretically can be vary from 3.6 eV for 
ZnS to 2.4 eV for CdS. Additional PL measurements are to be performed this month on 
samples with different amount of Gd in the Zni.xCdxS. In the next quarter we will enhance 
the band gap in these ZnS-based materials by adding Mg and create (Zni.xCdx)i.yMgyS 
alloys. If solid solutions can be formed, then the band gap in alloys lattice-matched to 
GaAs can be varied from 2.8 eV to about 4 eV, creating additional opportunities to 
optimize electronic properties of wave-guiding and cladding layers. 

MOCVD Growth of GaN on Gallate and Aluminate Substrates 
During the past quarter, GaN growth has continued on the new lattice-matched 

substrates, LiGa02 and LiA102( aGaN= 3.189 A, aLica02 = 3.186 A, aLiAio2 = 3.134A). As 
mentioned in the previous report, the new substrates have a crystal structure similar to 
ZnO if one considers ZnO of the stoichiometry ZnZn02, with Li replacing one sublattice 
and Al or Ga replacing the other. Growth has been investigated at temperatures of 650, 
700, and 750° C without the use of a low temperature buffer layer inherent to growth of 
GaN on sapphire and 6H-SiC substrates. 

At 650 'C, low resolution X-ray diffraction spectra only showed GaN peaks 
corresponding to (0002) and (0004) reflections, indicating high crystallinity. zHigher 
temperatures produced island-like growth with poor crystallinity. The poor quality has 
been attributed to thermal decomposition of the substrates. 

More attention has been given to establish a better method for etching the novel 
substrates. A preliminary study was carried out to determine an adequate etching 
solution. Initially, a room temperature solution of a 3:1 H2S04: H3PO4 solution seemed to 
be the best etching solution. However, after testing additional solutions, a 10 minute etch 
in only H3PO4 gave the best surface morphologies as observed by Nomarski optical 
microscopy. A more rigorous etching study will be conducted to provide more detailed 
indications of defect density and etching rate. A photoresist mask will be used to etch a 
step and its height will be measured using a Dektak profilometer to to determine etch rate. 
The Namarski microscope will be used to determine surface morphology. 

Low temperature growth (< 850 °G) on LiGa02, LiAlO^ sapphire and 6H-SiC will 
be continued. Improvements in the quality of GaN at low temperatures are necessary for 
achieving high indium incorporation in ternary InxGai.xN films. 
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(VT)    Development of Diode Lasers (Peter Zory) 

ZnSe-Based Diode Laser Materials 
Two battery-driven (portable) electrochemical cells were built and CdZnSe 

quantum well laser material from 3M installed. The cells were used to demonstrate the 
liquid contact luminescence (LCL) technique, described previously, to various groups 
including those at ONR, AFOSR and the University of Maryland. The cells were also 
used during a presentation on the LCL technique at the blue-green diode laser session of 
the IEEE/LEOS Conference in San Francisco. LCL sample preparation and activation 
techniques were discussed with Paul Baude (3M) and an LCL sample with one-half of the 
cap area removed was delivered. 

While the LCL technique has been shown to be non-destructive with red laser 
material, there is some deterioration of light output (from both red and green material) 
with running times exceeding about 15 minutes. In some cases, the original light output 
can be restored with a simple wafer cleaning procedure. If this "surface deterioration" 
problem can be solved, we intend to develop the LCL technique to the point where it can 
be utilized to "lifetest" unprocessed ZnCdSe laser material. 

In a separate problem with production of ZnSe-based lasers, discussions have been 
held with M. Haase of 3M with respect to an epi-side-down solder yield problem. 
Samples of GaAs quantum well laser material, processed at UF, have been sent to 3M to 
determine if they show the same problem. 

GaN-Based Materials 
Work is continuing on the development of a grating-coupled/distributed feedback 

DH GaN/AlGaN diode laser. Threshold gain versus mode frequency curves have been 
generated for the O-reflectivity end case. The more realistic problem involving distributed 
end reflectors is now being addressed. 

(VH)   Theoretical Calculations of Dopants of ZnSe (Gertrude Neumark) 

Analysis of the temperature dependence of the deep PL bands observed in heavily 
N-doped ZnSe showed that the intensity of the DAP bands decreased with an activation 
energy of about 40 meV. This is, within experimental error, the same value as reported by 
Hauksson, et al., (Appl. Phys. Lett 61 (1992), 2208) for the deep donors observed at 
intermediate doping. This result shows that the compensating donors in very heavily N- 
doped ZnSe are the same as those obtained at intermediate doping. 

Further studies of screening confirmed that this effect becomes increasingly 
important with higher doping. Table 1 gives our results from an analysis of literature data 
(Fan, et al., J. Crystal Growth, 138, (1994), 464, and Han, et al., J. Electronic Materials, 
23, (1994), 245) as well as the values of NA,, ND, and EA obtained in those papers via the 
"standard" analysis, which assumes EA independent of temperature. It can be seen that the 
differences increase with increasing doping. EAo in our analysis is the value of EA in the 
absence of screening. 
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Table VII. 1. Electrical Properties of ZnSe:N 

NA ND NA-ND          EAO         EA(RT) 
(1017 cm ■') 

CIO16 cm'3) (1017 cm J) (meV) ....(mm  
Fan, et al 0.776 0.692 0.707 106* 106* 
present work 0.670 0.650 0.650 112 99.8 
Han, et al 9.54 10.10 8.53 92* 92* 
present work 6.80 7.10 6.09 112 81.5 

* Constant as a function of temperature. 

A further interesting aspect, related to the deep PL of the heavily N-doped ZnSe, 
is that the screening length obtained from the fluctuation model (Kothandaraman, et al., 
Appl. Phys. Lett., 67, (1995), 3307) is about a factor of three smaller than the one which 
would be obtained for an equivalent Standard" (Brooks-Herring type) screening model. 
We believe that this indicates non-equilibrium dopant incorporation. This model is 
corroborated by comparing literature results of N implantation into bulk ZnSe, which gave 
voids (Vermaak & Petruzzello, J. Electronic Materials, 12, (1983) 29), with recent MBE 
results. 

(Vm) MOCVD Growth of GaN (Jacques Pankove) 

Efforts this quarter have continued to be placed on studying the gap-states in 
gallium nitride thin films. We have extended our photoconductivity spectroscopy 
measurements with a number of samples, including 'high quality" unintentionally doped n- 
type GaN with high room temperature mobility. This film showed features similar to 
previously measured high mobility samples, including a long exponential tail of states far 
into the gap and a steeper region near the band edge. We are currently in the process of 
compiling and analyzing the data taken to date. 

We have noticed that in the photoconductivity spectrum of some samples, there is 
a bulge in the 2.0-2.7eV range of photon energies (Fig. VIII. 1.). To further explore this 
phenomenon, we acquired two pieces of the normalized photoconductivity spectra for the 
two samples. Notice that below 3.2eV, sample CQ6153 shows only the exponential 
dependence of photoconductivitiy, while sample CQ615 displays the bulge around 2.2- 
2.5eV. Because the position of this bulge is similar to the peak emission from the yellow 
luminescence commonly observed in photoluminescence spectra, the room temperature 
photoluminescence spectra of these two samples were measured and are compared in Fig. 
Vni. 2. It is clear that sample CQ615 which showed the bulge in the PC spectrum also 
displays a stronger yellow luminescence peak. This apparent correlation will be explored 
further. More samples will be measured to determine if the states responsible for the PC 
spectrum bulge are the same states responsible for the yellow peak in PL spectra. 
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(IX)    Gain Modeling in II-VI Strained-Layer QW Structures 
Reinhart Engelmann) 

Further two-dimensional studies have been performed using the simulation software 
package SILVACO. The effect of stripe width in gain-guided II-VI SCH QW lasers was 
studied. Threshold and mode patterns were determined for stripe widths ranging from 3 to 
20um; gain hole burning with mode self-focusing was observed for 50um stripe width. 

Two-Dimensional (2D) Lasing Simulation 
We have applied the 2-D modeling procedure described in our previous report for 

additional simulations of blue-green II-VI laser structures, particularly for investigating the 
influence of the stripe width on the laser performance. Fig. IX. 1 demonstrates the influence of 
the stripe width on the fundamental mode pattern. As can be seen, the width of the mode 
decreases less strongly than the width of the stripe, W. For W = 20um, the mode is 
considerably smaller than W. For W = lOum, the mode size approaches W, and at W = 5 urn 
the mode becomes larger than W. In the latter case the mode size is mainly determined by 
lateral current spreading and carrier diffusion. Thus, threshold current tends to saturate for 
stripe widths below 5 urn, as demonstrated in Fig. IX.2. At large W, the mode size is 
governed by gain hole burning which generates a self-focusing effect and reduces the mode 
size. This effect is shown in Fig. IX.3 for W = 50um. Due to self-focusing, the lateral mode 
size is only marginally larger than atW = 20um. (Note the different scales when comparing 
Figs. DC1 and DC.3.) The results are very consistent with what is known from gain-guided 
lasers of the III-V materials systems, i.e. independent of stripe width, the lateral mode size 
remains in the neighborhood of about lOum. 

Future Plans 
Major advancements of LED performance with violet, blue, green and yellow emission 

has recently been achieved by Mchia Chemical Industries in Japan based on nominally undoped 
single quantum well (SQW) InGaN diode structures [1-3]. External quantum efficiencies are 
consistently above 1% and are close to 10% for blue emission. These are highly remarkable 
achievements and pave the way for InGaN QW diode lasers. We intend to analyze the 
reported data for application to SQW laser modeling in this material system. 

REFERENCES: 
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Observation of exciton and biexciton processes 
in CdxZni.xSe/ZnSe (x=0.2) 

Li Wang and Joseph H. Simmonsa) 

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611 

(Received 23 March 1995; accepted for publication 29 June 1995) 

Exciton and biexciton transitions have been observed in low-temperature (10 K) photoluminescence 
from CdAZn,_JSe/ZnSe (x=0.2) multiple quantum well samples grown by molecular beam 
epitaxy. Transient photoluminescence experiments were conducted to study the dynamics of carrier 
decay associated with these processes. The formation of exciton and biexciton species is confirmed 
by examining their energy positions, intensity dependence on excitation power density, spectral line 
shapes, relative decay lifetimes, and polarization dependence. © 1995 American Institute of 
Physics. 

Semiconductor quantum well structures have nonlinear 
optical properties that are strongly dominated by excitonic 
resonances near the band gap. Investigating the physics of 
excitonic processes in quantum structures is essential to both 
understanding the fundamental behavior of quantum con- 
fined carriers and determining their role in potential device 
applications. At low temperatures, excitons are formed by 
electron and hole pairs bound together by Coulomb interac- 
tion. In the limit of low nonequilibrium density, the exciton 
gas can be considered as a weakly interacting Boltzmann 
gas, however, in the limit of high nonequilibrium density, 
excitons can condense to form excitonic molecules, also 
called biexcitons.1 The enhancement of biexciton binding en- 
ergy due to quantum confinement makes observation of biex- 
citons less difficult at low temperatures. The biexciton line 
has been observed in II-VI semiconductors with binding en- 
ergies in the range of 1-10 meV.2"5 Since biexcitons are 
formed by two interacting excitons with opposite spins, the 
biexciton photoluminescence intensity is expected to in- 
crease superlinearly with respect to the exciton, and the re- 
combination lifetime of biexcitons should be about half that 
of excitons. Also, the line shape of biexcitons in direct band- 
gap semiconductors is distinguished by a reverse (or inverse) 
Boltzmann-like distribution due to momentum conservation 
during the biexciton recombination process.6 The recombina- 
tion of biexcitons involves the emission of a photon h w,,, 
leaving a free exciton, as follows:7 

hvB = Eg-Ex-EB + Exk + E Bk' (1) 

where £, and EB are the binding energies of the exciton and 
biexciton, respectively, EK is the energy gap, and Exk and 
EBk are kinetic energies of the exciton and biexciton, respec- 
tively. Finally, the 2-photon coherence nature of biexciton 
transitions leads to a unique polarization selection rule, 
whereby two cross-circularly polarized beams will induce a 
biexciton transition while cocircularly polarized beams will 
not.8 

In this letter, we report the observation of exciton and 
biexciton transitions at 10 K in quantum well structures with 
Cd02Zn08Se as the well material and ZnSe as the barrier 

material. The samples were grown on GaAs substrates by 
molecular beam epitaxy. Their structures consist of a 2 yttm 
ZnSe buffer layer on GaAs, followed by 10 periods of un- 
doped multiple quantum wells with a ZnSe barrier thickness 
of 100 Ä and a CdZnSe well thickness of 50 Ä. Steady state 
and transient photoluminescence measurements were con- 
ducted with an exciton source consisting of an amplified, 
frequency-doubled, mode locked Ti:sapphire laser (400 nm, 
300 fs, 250 kHz, 2.4 /iJ/pulse). Population mixing (or corre- 
lation excitation spectroscopy)9 as described in another 
publication10 was used to measure carrier recombination life- 
times. In this technique, two pulse trains from the above 
source are chopped at different frequencies and focused onto 
the sample. The cross-correlation luminescence signal at the 
sum or difference frequency with respect to the time delay 
between the two pulse trains gives the decay lifetime.9 The 
samples were maintained at 10 K in a closed cycle helium 
cryostat. The temporal resolution of the experimental system 
is determined by the pulse duration of the laser (300 fs). The 
beam was focused to 500 pm on the sample, which corre- 
sponds to an excitation power density of 20 W/cm2. 

Figure 1 is the photoluminescence spectrum of the 
MQW sample. Two major peaks are evident. We attribute the 
high energy peak to the free-exciton transition, and the lower 
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responsible for those processes18 were used in fitting this 
region. Figure 4 shows the fitted spectrum for the 1 ^J/pulse 
excitation intensity, and agrees well with the experimental 
data. The biexciton binding energy was estimated to be 10 
meV from the fit, which agrees well with biexciton binding 
energies obtained from similar samples.19,20 

In summary, we have observed exciton and biexciton 
lines in Cd0 2Zn0 8Se/ZnSe MQW structures in low- 
temperature photoluminescence. The assignment of exciton 
and biexciton transitions was verified by examining their en- 
ergy positions, intensity dependence on excitation density, 
relative decay lifetimes, excitation polarization dependence, 
and spectral line shapes. The experimental data agree well 
with current theories on exciton and biexciton formation.'- ~~ 
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